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Abstract 18 
Recent developments in chemical pretreatments of lignocellulosic biomass using polyols as 19 
co-solvents (e.g., glycerol and ethylene glycol) at temperatures less than 100 °C may allow 20 
the effective use of thermostable and non-thermostable cellulases in situ during the 21 
saccharification process. The potential of biomass saccharifying enzymes, endoglucanases 22 
(EG) from a thermophilic bacterium (Thermotoga maritima) and a mesophilic fungus 23 
(Trichoderma longibrachiatum), to retain their activity in aqueous buffer, acidified glycerol, 24 
and acidified ethylene glycol used as co-solvents at pretreatment temperatures at or below 25 
100 °C were examined. The results show that despite its origin, T. longibrachiatum EG (Tl-26 
EG) retained 75% of its activity after exposure to 100 °C for 5 min in aqueous buffer while T. 27 
maritima EG (Tm-EG) retained only 5% activity. However, at 90 °C both enzymes retained 28 
over 87% of their activity. In acidified (0.1% (w/w) H2SO4) glycerol, Tl-EG retained similar 29 
activity (80%) to that obtained in glycerol alone, while Tm-EG retained only 35%. With 30 
acidified ethylene glycol under these conditions, both Tl-EG and Tm-EG retained 36% of 31 
their activity. The results therefore show that Tl-EG is more stable in both acidified glycerol 32 
and ethylene glycol than Tm-EG. A preliminary kinetic study showed that pure glycerol 33 
improved the thermal stability of Tl-EG but destabilized Tm-EG, relative to the buffer 34 
solution. The half-lives of both Tl-EG and Tm-EG are 4.5 min in acidified glycerol, 35 
indicating that the effectiveness of these enzymes under typical pretreatment times of greater 36 
than 15 min will be considerably diminished. Attempts have been made to explain the 37 
differences in the results obtained between the two enzymes.   38 
  39 
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1. Introduction 42 
Plant biomass (more commonly known as lignocellulosic biomass) is a global, renewable 43 
source of fermentable sugars and is composed primarily of complex polysaccharides 44 
(cellulose and hemicellulose), lignin, and proteins [1, 2]. Bacterial, fungal, and algal 45 
fermentation can transform these sugars into a wide range of renewable platform chemicals, 46 
fuels, and value-added products. Biochemical saccharification of cellulose in biomass is 47 
achieved using mixtures of highly specific glycosyl hydrolase enzymes (cellulases) [3] that 48 
are produced naturally by a wide range of fungi and bacteria [4]. Cellulose hydrolysis by 49 
cellulases secreted from aerobic fungi (such as Trichoderma reesei) is the best studied 50 
cellulolytic system, and a minimum of three such cellulases from different functional classes 51 
are required for complete degradation of cellulose to glucose: (i) endoglucanases (endo-1,4-52 
β-D-glucanases, EG) hydrolyze regions of low crystallinity, creating free chain ends; (ii) 53 
exoglucanases (exo-1,4-β-D-glucanases, CBH) cleave cellobiose units from either the 54 
reducing (CBH I) or non-reducing (CBH II) free chain-ends, and (iii) β-glucosidases (BG) 55 
hydrolyze cellobiose to glucose [5]. Most cellulases from aerobic fungi have a modular 56 
structure consisting of a catalytic domain and a carbohydrate-binding module (CBM) [6], a 57 
pH optima between 4 and 6, and a temperature optima between 50 and 70 °C [7]. Cellulases 58 
produced by aerobic bacteria are typically either secreted, like those produced by fungi, or 59 
associate with the outer membrane, while cellulases produced by anaerobic bacteria typically 60 
assemble into supramolecular complexes called “cellulosomes” [8].   61 
There are numerous studies describing the identification and characterization of 62 
thermotolerant biomass-degrading enzymes from bacterial and fungal sources (reviewed in 63 
[9]). The majority of these studies have focused on microbes from extreme environments (so 64 
called “extremophiles”), such as the archaeabacteria Pyrococcus furiosus and Sulfolobus 65 
solfataricus, and the eubacteria, Thermotoga maritima.  T. maritima is a hyperthermophilic, 66 
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anaerobic, saccharolytic, and Gram-negative eubacteria isolated from marine hydrothermal 67 
vents, and the optimum environment for the organism includes a water temperature of 80 °C 68 
[10]. However, T. maritima is capable of growing in water at temperatures up to 90 °C [10]. 69 
EGs from Thermotoga sp. lack CBMs, which partially explains the inability of these 70 
organisms to grown on crystalline cellulose [9]. The T. maritima genome encodes the largest 71 
number of glycosyl hydrolases of any bacterial or archaeabacterial genome sequenced to date 72 
[11].  73 
The cost of enzymes for saccharification of cellulose in lignocellulosic biomass is a 74 
major component of the overall process cost [12, 13] and the production of recombinant 75 
cellulolytic enzymes in transgenic plants provides an opportunity to substantially reduce 76 
saccharification costs [13]. Further, transgenic expression of cellulolytic enzymes in existing 77 
biofuel crops, such as sugarcane [14] and corn [15], provide opportunities to simplify 78 
consolidated bioprocessing of plant biomass [16]. However, the plant cell wall is a resilient, 79 
heterogeneous barrier, and pretreatment is essential for the efficient enzymatic hydrolysis of 80 
biomass to fermentable sugars [17, 18]. Lignocellulosic biomass pretreatments fall into three 81 
broad categories (chemical, mechanical, and biological) and the primary goal of any such 82 
pretreatment is to improve the accessibility of hydrolytic enzymes to cell wall 83 
polysaccharides. Current industrial-scale biomass pretreatments are most likely to be 84 
chemical because of shorter processing times, higher fermentable sugar yields, and lower 85 
energy requirements [19]. Chemical biomass pretreatments typically operate at temperatures 86 
from 150–290 °C [20]. While there have been significant advances in the identification of 87 
thermostable cellulolytic enzymes [21], it remains extremely unlikely that any enzyme 88 
naturally occurring in bacteria or fungi could remain functional after exposure to the 89 
temperatures typically employed during chemical pretreatment of lignocellulosic biomass. 90 
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Chemical pretreatments of lignocellulosic biomass at temperatures from 60–130 °C 91 
[22-24] open up hitherto unavailable options for the delivery of thermostable and non-92 
thermostable cellulases into a commercial biomass hydrolysis process. One of these options 93 
is the delivery of cellulases into the process prior to biomass pretreatment, either by direct 94 
addition of purified cellulase or by transgenic expression of cellulase in plants [25]. Polyols 95 
are alcohols containing multiple hydroxyl groups and include glycerol and ethylene glycol. 96 
We have recently demonstrated that the pilot-scale pretreatment of sugar cane bagasse under 97 
acidic conditions using glycerol as the co-solvent at temperatures from 90–130 °C produced 98 
solid residues with 40–100% glucan digestibility [23]. In our study, the initial glycerol 99 
concentration was >80% but was reduced to ~50% by the end of pretreatment because of the 100 
direct injection of steam into the reactor to maintain reaction temperature [23]. Further, we 101 
have demonstrated that pretreatment of sugar cane bagasse using high concentrations (>98%) 102 
of mixtures of acidified ethylene carbonate and ethylene glycol as co-solvents at atmospheric 103 
pressure and temperatures from 60–90 °C produced solid residues with 40–93% glucan 104 
digestibility [24]. Pretreatment of sugar cane bagasse with acidified glycerol or mixtures of 105 
ethylene glycol and ethylene carbonate generates residues that are easily digested by 106 
commercial cellulase mixtures and simple, synthetic cellulase mixtures [26]. Therefore, we 107 
tested the thermal stability and acid tolerance of EGs from T. maritima (Tm-EG) and T. 108 
longibrachiatum (Tl-EG) under conditions that mimicked those found during acidified 109 
glycerol and ethylene carbonate/ethylene glycol pretreatment of sugar cane bagasse.  110 
 111 
  112 
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2. Materials and methods 113 
2. 1 Enzyme preparation 114 
Glycerol (≥ 99.5%), ethylene glycol (≥ 99.0%) and sulfuric acid were supplied by Merck (NJ, 115 
USA). Native Tl-EG and recombinant Tm-EG were supplied by Megazyme (Bray, Ireland) as 116 
ammonium sulfate suspensions at protein concentrations of 13.82 mg mL-1 and 2.04 mg mL-1, 117 
respectively. Tl-EG belongs to glycosyl hydrolase class 7 and has a molecular mass of 57.25 118 
kDa, a temperature optimum of 70 °C, and a pH optimum of 4.75 (Megazyme, Bray, Ireland). 119 
Tm-EG belongs to glycosyl hydrolase class 5 and has a molecular mass of 38.2 kDa, a 120 
temperature optimum of 80 °C, and a pH optimum of 6.00 (Megazyme, Bray, Ireland). 121 
Working stocks of Tl-EG and Tm-EG were prepared by dilution to concentrations of 0.92 mg 122 
mL-1 and 0.20 mg mL-1, respectively, with 100 mM acetate buffer pH 4.75 (Tl-EG) and 100 123 
mM phosphate buffer pH 6.00 (Tm-EG). The dilution buffers both contained 0.02 % (w/v) 124 
NaN3 (Sigma-Aldrich, St. Louis, MO, USA) and 0.02 % (v/v) Tween® 20 (Sigma-Aldrich, 125 
St. Louis, MO, USA). 126 
2.2 Thermal deactivation of endoglucanase  127 
Aliquots (5 L) of EG working stocks were mixed with 195 L of either aqueous buffer at 128 
the optimum pH for enzyme activity (described in Section 2.1) or polyol containing H2SO4 129 
(0, 0.001, 0.01, 0.1, 0.5, and 1 % w/w) in a 96 well PCR microplate and incubated in a Peltier 130 
thermal cycler (PTC-200, MJ Research) for 5 min at 4, 60, 70, 80, 90, and 100 °C. The 131 
concentrations of glycerol and ethylene glycol in the thermal deactivation reactions ranged 132 
from 96.0–97.0% (w/w) and 95.6–96.5% (w/w), respectively. The concentrations of Tl-EG 133 
and Tm-EG in the thermal deactivation reactions were 23.0 g mL-1 and 5.1 g mL-1, 134 
respectively. After incubation, the plates were chilled on ice and sampled immediately for 135 
analysis of residual EG activity as described in Section 2.4.    136 
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2.3 Kinetics of thermal deactivation of endoglucanase 137 
Tl-EG and Tm-EG working stock solutions were diluted to 23.0 g mL-1 and 5.1 g mL-1, 138 
respectively, with either buffer at the optimum pH for enzyme activity (described in Section 139 
2.1), glycerol (96.5% w/w), or acidified glycerol (96.5% w/w) containing 0.5 % (w/w) 140 
H2SO4. Aliquots (20 µL) of each mixture were incubated at 80 °C in a Peltier thermal cycler 141 
(PTC-200, MJ Research) for 1 hr. At designated times, aliquots were removed from the 142 
thermal cycler, quenched on ice, and assayed for residual EG activity as described in Section 143 
2.4.  144 
2.4 Endoglucanase activity assay 145 
Prior to analysis for EG enzyme activity, Tl-EG and Tm-EG solutions were diluted to 1.53 g 146 
mL-1 and 0.51 g mL-1, respectively, with 100 mM acetate buffer pH 4.75 and 100 mM 147 
phosphate buffer pH 6.00. The maximum polyol concentration after dilution was 10% (v/v) 148 
and we confirmed that the pH of the mixture after dilution was either 4.75 (Tl-EG) or 6.00 149 
(Tm-EG) (data not shown). EG enzyme activity was measured using 0.5 % (w/v) 150 
carboxymethylcellulose (CMC) as the substrate in either 100 mM acetate buffer pH 4.75 (Tl-151 
EG) or 100 mM phosphate buffer pH 6.00 (Tm-EG). A. niger β-glucosidase (0.8 U/mL, 152 
Megazyme) was added to prevent feedback inhibition from cellobiose. Aliquots (10 µL) of 153 
diluted EG were mixed with substrate (50 µL) and incubated for 2 h at 40 °C in a Peltier 154 
thermal cycler (PTC-200, MJ Research). Reactions were stopped by incubation for 10 min at 155 
95 °C and liberated glucose was measured using glucose oxidase/peroxidase chemistry, as 156 
described previously [14]. Control reaction mixtures were prepared and incubated for 10 min 157 
at 95 °C to allow the measurement of enzyme-dependent hydrolysis of CMC. Protein 158 
concentration was measured using the Bradford Assay (Bio-Rad Protein Assay, Bio-Rad), 159 
relative to a BSA standard curve. Statistical significance between endoglucanase assay data 160 
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obtained from different treatments was determined using the Student’s t-test and P values of 161 
<0.05 were considered significant.162 
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3. Results 163 
3.1 Effect of elevated temperature on residual endoglucanase activity in aqueous buffer 164 
Tl-EG and Tm-EG were exposed to temperatures ranging from 60–100 °C in aqueous buffer 165 
at the optimal pH for each enzyme and the residual specific activity was determined using 166 
carboxymethylcellulose (CMC) as a substrate (Fig. 1a). Relative residual activities were 167 
determined by comparison between the activities of the heated enzymes with those of 168 
enzymes incubated at 4 °C (Fig. 1b). The specific activities of Tl-EG and Tm-EG in aqueous 169 
buffer at optimal pH and 4 °C were 331.9 ± 7.7 mol glucose min-1 mg-1 protein and 139.6 ± 170 
1.6 mol glucose min-1 mg-1 protein, respectively. While the percentage of Tm-EG that 171 
remained active after incubation in aqueous buffer at 90 °C (93.2%) was higher than that of 172 
Tl-EG (87.3%), the residual activity of Tm-EG was reduced to only 5.1% by incubation at 173 
100 °C. In contrast, Tl-EG retained 75.5% of its activity after incubation in aqueous buffer at 174 
100 °C (Fig. 1b).      175 
3.2 Effect of elevated temperature on residual endoglucanase activity in polyols 176 
Effective acidified glycerol and ethylene carbonate/ethylene glycol pretreatments have been 177 
demonstrated at 90 °C in the presence of 0.1–1.5 % (w/w) H2SO4 [23, 24]. Mixtures of 178 
ethylene carbonate and ethylene glycol solidify at room temperature, and ethylene glycol 179 
alone can be used for biomass pretreatment [24]. Therefore we assessed the thermal 180 
inactivation of Tl-EG and Tm-EG in almost pure (≥96.0%) glycerol (Fig. 2) and (≥95.6%) 181 
ethylene glycol (Fig. 3) in the presence of 0–1% (w/w) H2SO4.  182 
The specific activities of Tl-EG and Tm-EG after exposure to almost pure glycerol at 183 
4 °C were 264.7 ± 7.3 μmol glucose min-1 mg-1 protein and 127.2 ± 3.2 μmol glucose min-1 184 
mg-1 protein, respectively (Fig. 2). Comparison with the enzyme activity data obtained in 185 
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aqueous buffer at optimum pH (Fig.1) indicated that exposure to almost pure glycerol 186 
reduced the specific activities of Tl-EG and Tm-EG by 20.2% and 9.9%, respectively, and 187 
that the reductions in specific activity were statistically significant (P<0.01). The addition of 188 
H2SO4 up to 1% did not significantly affect the specific activity of Tl-EG at 4 °C (Fig. 2a). In 189 
contrast, the specific activity of Tm-EG (Fig. 2b) at 4 °C declined to 40% as H2SO4 190 
concentration increased above 0.01% (w/w). The effect of the combination of acid and 191 
elevated temperature on enzyme activity in glycerol was then assessed for both enzymes. At 192 
60 °C, Tl-EG specific activity declined in H2SO4 concentrations above 0.001% (w/w) (Fig. 193 
2a). At temperatures from 70–100 °C, the specific activities of Tl-EG in glycerol and glycerol 194 
containing up to 0.01% (w/w) H2SO4 were similar. Importantly, at 90 °C Tl-EG specific 195 
activity in the presence of 0.1 (w/w) H2SO4 was similar to that measured in glycerol alone 196 
and the enzyme retained ~18% of its activity after incubation in glycerol containing 0.5% 197 
(w/w) H2SO4. At 60 °C, Tm-EG specific activity declined significantly after exposure to 198 
glycerol containing more than 0.001% (w/w) H2SO4 (Fig. 2b). Interestingly, at 90 and 100 °C 199 
Tm-EG specific activity was maximal in the presence of 0.1 (w/w) H2SO4 and the enzyme 200 
retained ~26% specific activity relative to that of the same enzyme incubated at 4 °C in pure 201 
glycerol.    202 
The specific activities of Tl-EG and Tm-EG after incubation in ethylene glycol at 4 °C 203 
were 238.4 ± 4.2 μmol glucose min-1 mg-1 protein and 94.7 ± 3.4 μmol glucose min-1 mg-1 204 
protein, respectively (Fig. 3). Comparison with the enzyme activity data obtained in aqueous 205 
buffer at optimum pH (Fig.1) indicated that exposure to almost pure ethylene glycol at 4 °C 206 
reduced the specific activities of Tl-EG and Tm-EG by 28.2% and 32.2%, respectively, and 207 
that the reductions in specific activity were statistically significant (P<0.01). In contrast to 208 
what was observed in glycerol, the specific activities of both Tl-EG and Tm-EG declined 209 
11 
 
significantly (P<0.05) after exposure to ethylene glycol at 4 °C as H2SO4 concentration 210 
increased above 0.001% (w/w) (Fig. 3). The effect of the combination of acid and elevated 211 
temperature on enzyme activity in ethylene glycol was then assessed for both enzymes. At 60 212 
and 70 °C, 0.1% (w/w) H2SO4 appeared to stabilize Tl-EG and Tl-EG retained ~75% of its 213 
specific activity in the presence of 0.1% (w/w) H2SO4 (Fig. 3a), relative to its specific activity 214 
in pure ethylene glycol at 4 °C. At 4 °C, Tm-EG specific activity declined significantly above 215 
0.001% (w/w) H2SO4 (Fig. 3b) but was restored somewhat in the presence of 0.5 or 1.0% 216 
(w/w) H2SO4. Tm-EG specific activity in ethylene glycol under all conditions was reduced at 217 
temperatures of 60 °C and above. As we observed in glycerol (Fig. 2b), the exposure of Tm-218 
EG to 0.1% (w/w) H2SO4 at 90 °C and above resulted in the highest retention of specific 219 
activity (Fig. 3b).  220 
3.3 Kinetics of endoglucanase thermal inactivation in glycerol at 80 °C   221 
Effective pretreatment of sugar cane bagasse using acidified glycerol can be achieved with 222 
reaction times from 15–30 min [23]. Based on the results obtained above, we chose to 223 
monitor thermal inactivation of Tl-EG and Tm-EG in acidified glycerol at 80 °C for one hour 224 
and compared the results with those obtained in either glycerol alone or in aqueous buffer at 225 
the optimal pH of the enzymes (Fig. 4). The half-lives of both Tl-EG and Tm-EG were ~4.5 226 
min in acidified glycerol at 80 °C. The half-life of Tl-EG in aqueous buffer at optimal pH 227 
(10.3 min) was ~2 fold higher than that measured in acidified glycerol (~4.5 min) (Fig. 4a). 228 
Interestingly, glycerol alone appeared to stabilize Tl-EG and the half-life of the enzyme in 229 
glycerol was increased ~15 fold (66.7 min) relative to glycerol containing 0.5% (w/w) 230 
H2SO4. In contrast to the results obtained for Tl-EG, the half-life of Tm-EG in aqueous buffer 231 
at optimal pH was orders of magnitude greater than the half-life of the enzyme in acidified 232 
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glycerol (Fig. 4b) while the half-life of Tm-EG in glycerol alone (~19.3 min) was only ~4 233 
fold greater than was observed in acidified glycerol. 234 
  235 
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4. Discussion 236 
Organisms that have evolved to survive in high temperatures, such as T. maritima, have to 237 
maintain protein structure despite increased thermal disorder. Changes in protein structure 238 
that enhance stability at high temperature include higher Wadell sphericity, greater burial 239 
depth (distance from the molecular surface to each atom), and fewer and less deep pockets on 240 
their surface [27]. We demonstrated that incubation of endoglucanases from a mesophilic 241 
fungus and a thermophilic bacterium for a short period at 90 °C and below in aqueous buffer 242 
did not significantly reduce the specific activity of either enzyme. However, we observed that 243 
endoglucanase from the thermophilic bacterium was ~15 fold more sensitive to thermal 244 
denaturation in aquo at 100 °C than endoglucanase from a mesophilic fungus. This was 245 
surprising, particularly given that T. maritima endoglucanases typically melt at temperatures 246 
above 90 °C [28] while Trichoderma endoglucanases typically melt at temperatures from 50–247 
70 °C [29]. We are currently investigating the root cause of the apparent susceptibility of Tm-248 
EG to irreversible thermal denaturation at 100 °C in aqueous buffer.  249 
 Water is the solvent in which proteins have evolved to function and thus the structure 250 
and dynamics of hydration water are linked directly to protein flexibility and stability at 251 
increased temperature [30]. Consequently, additives that change the properties of hydration 252 
water can have profound effects on protein structure and thermal stability. Sugars and polyols 253 
(such as glycerol and sorbitol) have long been used as enzyme stabilizers at relatively low 254 
concentrations [31, 32]. At concentrations of 20–40% (v/v), glycerol is preferentially 255 
excluded from the surface of proteins in their native conformation [33]; as a result, the free 256 
energy required to unfold proteins in the presence of the additive is increased and the native 257 
protein structure is stabilized. Further, at these concentrations of glycerol, thermal 258 
denaturation of proteins is typically reversible. We have discovered efficient chemical 259 
14 
 
lignocellulosic biomass pretreatments using very high concentrations (>80%) of polyols as 260 
co-solvents [23, 24]. It has been shown that at glycerol concentrations above 60% (v/v) there 261 
is preferential binding of glycerol to protein surface residues [33-35] and we therefore 262 
expected glycerol to preferentially bind to the surface of Tm-EG and Tl-EG at the high 263 
concentrations of glycerol utilized in the present study. However, it should be noted that there 264 
are relatively few studies describing the structure and dynamics of proteins in mixtures 265 
containing >95% (w/w) polyols and it is not clear how protein structure changes (either 266 
transiently or permanently) under these conditions. 267 
In typical studies describing protein structure and dynamics in polyol/water mixtures 268 
there is sufficient water in the system such that water occurs in cavities within the protein 269 
(i.e., so-called “lubrication” water), in the first solvation layer of the protein, and in the bulk 270 
phase. Under the experimental conditions described herein, the minimum mass of water per 271 
gram of Tl-EG and Tm-EG was 1.08 g and 4.90 g, respectively. Since the amount of water 272 
required for full hydration of globular proteins has been estimated at 0.4 g g-1 protein [36], 273 
sufficient water was present to potentially achieve full hydration of Tl-EG and Tm-EG. 274 
However, it should be noted that, because of preferential binding of glycerol to the surface of 275 
proteins at >70% glycerol [33, 34], it is highly unlikely that the surfaces of Tl-EG or Tm-EG 276 
were fully hydrated in the present study. Glycerol at a concentration of ≥60% (v/v) not only 277 
dehydrates the protein surface but also partially dehydrates internal protein cavities and 278 
decreases the hydrophobicity of the protein surface [30, 37]. Further, molecular dynamic 279 
simulations of hen egg-white lysozyme in 100% glycerol suggested that exposure to pure 280 
glycerol reduces protein volume by ~2% [38]. Despite the relatively short exposure time, the 281 
specific activities of Tl-EG and Tm-EG were reduced by 20% and 9%, respectively, after 282 
exposure to pure glycerol and subsequent dilution in aqueous buffer. We propose that, in the 283 
high concentrations of glycerol used in the present study, the dehydration of internal protein 284 
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cavities and changes in protein structure associated with decreased protein surface 285 
hydrophobicity were responsible for irreversible deformation of Tl-EG and Tm-EG, resulting 286 
in reduced residual specific activity. Integration of glycerol into the first solvation layer 287 
surrounding a protein in a mixture of glycerol and water, and its subsequent effects on protein 288 
structure, depends on the balance between (i) repulsion from non-polar groups and backbone 289 
amide groups on the protein surface, (ii) attraction from polar surface groups, and (iii) 290 
attraction between water and glycerol [35]. We propose that the likely presence of fewer and 291 
less deep pockets on the surface of Tm-EG [27] was a contributor to relative insensitivity of 292 
the enzyme to glycerol exposure. However, differences in the distribution of charged, polar, 293 
and non-polar residues on the surfaces of Tl-EG and Tm-EG cannot be excluded as 294 
contributors to their differential response to glycerol exposure on residual specific activity. 295 
Exposure of Tl-EG and Tm-EG to almost pure (>95.6%) ethylene glycol reduced 296 
specific activity by 28% and 32%, respectively, despite subsequent dilution in aqueous 297 
buffer. Spectral analysis of native protein structure in the presence of either ~60% (w/w) 298 
glycerol or ~45% (w/w) ethylene glycol demonstrated that proteins can adopt different 299 
conformations in the presence of these polyols [37], suggesting that ethylene glycol and 300 
glycerol interact differently with the surfaces of proteins. We propose that it is these 301 
differences in the interactions between the polyols and the surfaces of Tl-EG and Tm-EG that 302 
give rise to a common reduction in specific activity in ethylene glycol but a differential 303 
reduction in specific activity in glycerol.  304 
Reducing pH of protein solutions from neutral cause’s protonation of acidic amino 305 
acid side chains and destabilization of protein structure via electrostatic repulsion and 306 
disruption of salt bridges [39]. As pH decreases, this destabilization leads to exposure of 307 
hydrophobic groups and irreversible aggregation. Exposure to sufficiently low pH at elevated 308 
temperatures can also result in deamidation of glutamine and asparagine side chains, and 309 
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eventually hydrolysis of peptide bonds. Low pH (<~1) is essential for efficient pretreatment 310 
of plant biomass using glycerol or mixtures of ethylene glycol and ethylene carbonate [23, 311 
24]. Tl-EG is more stable at low pH than Tm-EG in both glycerol and ethylene glycol. While 312 
the root cause of the relative stability of Tl-EG in the present study is not known, it is 313 
tempting to speculate that an increased number of disulfide bonds or the presence of 314 
covalently bound sugars on the protein surface allowed Tl-EG to either retain a greater 315 
percentage of its native structure during incubation in polyol or allowed a greater percentage 316 
of Tl-EG to renature after incubation in polyol, compared to Tm-EG.  317 
  318 
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5. Conclusions 319 
In the present study, low pH was identified as the major factor that limited endoglucanase 320 
stability in glycerol or ethylene glycol at elevated temperatures. Thermoacidophilic 321 
archaebacteria  [40] are the most promising source of acid-tolerant cellulases but technical 322 
challenges associated with expression of archaebacterial proteins in eukaryotic and eubacteria 323 
hosts limits their industrial application. However, expression of these enzymes in planta 324 
remains an attractive opportunity to reduce the cost of enzymatic saccharification of 325 
pretreated plant biomass [12, 13]. Our results suggest that fungal enzymes should not be 326 
ignored in this context, particularly for aqueous pretreatments at or slightly above the boiling 327 
point of water, and that more extensive screening of existing industrial strains (e.g., 328 
Trichoderma sp.) could identify those that are compatible with direct integration of in planta 329 
enzyme expression and biomass processing for production of cheap, fermentable sugars. 330 
  331 
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Figure Legends 436 
 437 
Fig. 1. Thermal stability of T. longibrachiatum and T. maritima endoglucanases in buffer at 438 
optimum pH. (a) Residual EG activity measured after 5 minutes incubation at the indicated 439 
temperature. (b) Residual EG specific activity relative to control solution expressed as a 440 
percentage. T. longibrachiatum (black squares) and T. maritima (open squares) were assessed 441 
at their optimum pH (4.75 and 6, respectively). EG activity was measured at pH 4.75 using 442 
CMC as a substrate at 40 °C relative to a glucose standard curve and was expressed as mol 443 
glucose released/min/mg protein. Three samples were analyzed per incubation temperature 444 
and error bars indicate standard deviation.  445 
 446 
Fig. 2. Thermal stability of T. longibrachiatum (a) and T. maritima (b) endoglucanases in 447 
glycerol across a range of H2SO4 concentrations. Residual EG activity was measured after 5 448 
min incubation across a range of temperatures (4–100 °C) and H2SO4 concentrations (0–1% 449 
(w/w)). Black circle = no acid. Open circle = 0.001% (w/w) H2SO4. Black triangle = 0.01% 450 
(w/w) H2SO4. Open triangle = 0.1% (w/w) H2SO4. Black square = 0.5% (w/w) H2SO4. Open 451 
square = 1% (w/w) H2SO4. EG activity was measured using CMC as a substrate at 40 °C 452 
relative to a glucose standard curve and was expressed as µmol glucose released/min/mg 453 
protein. Three samples were analyzed per incubation temperature and error bars indicate 454 
standard deviation.  455 
 456 
Fig. 3. Thermal stability of T. longibrachiatum (a) and T. maritima (b) endoglucanases in 457 
ethylene glycol across a range of H2SO4 concentrations. Residual EG activity was measured 458 
24 
 
after 5 min incubation across a range of temperatures (4–100 °C) and H2SO4 concentrations 459 
(0–1% (w/w)). Black circle = no acid. Open circle = 0.001% (w/w) H2SO4. Black triangle = 460 
0.01% (w/w) H2SO4. Open triangle = 0.1% (w/w) H2SO4. Black square = 0.5% (w/w) H2SO4. 461 
Open square = 1% (w/w) H2SO4. EG activity was measured using CMC as a substrate at 40 462 
°C relative to a glucose standard curve and was expressed as mol glucose released/min/mg 463 
protein. Three samples were analyzed per incubation temperature and error bars indicate 464 
standard deviation. 465 
 466 
Fig. 4. Thermal deactivation of T. longibrachiatum (a) and T. maritima (b) at 80 °C in buffer 467 
at optimal pH, glycerol, and glycerol containing 0.5% (w/w) H2SO4. Residual EG activity 468 
was measured after incubation for the indicated time at 80 °C in buffer at optimal pH (black 469 
circle), glycerol (black triangle), and glycerol containing 0.5% (w/w) H2SO4 (open circle). 470 
EG activity was measured using CMC as a substrate at 40 °C relative to a glucose standard 471 
curve and was expressed as mol glucose released/min/mg protein. Three samples were 472 
analyzed per incubation temperature and error bars indicate standard deviation. 473 
 474 
